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Magnetic susceptibility differences in porous media produce local gradients within the pore space. At
high magnetic fields, these inhomogeneities have the potential to greatly affect nuclear magnetic
resonance measurements. We undertake a study using a new NMR technique to measure the internal
gradients present in highly heterogeneous samples over a wide range of magnetic field strengths. Our
results show that even at ultra-high fields there can exist signal at internal gradient strengths sufficiently
small that techniques for suppressing unwanted side effects have the possibility to be used. Our findings
encourage the use of these high and ultra-high field strengths for a broader range of samples. Our results
also give experimental evidence to support the theory of internal gradient scaling as a function of field
strength within pores.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear magnetic resonance (NMR) experiments on heteroge-
nous porous media are often performed at low magnetic fields
[1–8], with proton Larmor frequencies on the order of a few mega-
hertz. Even at these low fields, the heterogeneous nature of the
samples has the potential to broaden the spectrum for NMR mea-
surements. When there exists a magnetic susceptibility difference
between materials in a sample, for example between a porous ma-
trix and a saturating fluid, local magnetic field gradients develop at
the interfaces. The inhomogeneities in the local magnetic field lead
to spatial variations referred to as ‘‘internal gradients”. The main
factors governing the strength of these gradients depend on the
susceptibility difference between the materials, the applied mag-
netic field, and the pore size, though grain size, pore shape, and
the geometry of the pore network also have an influence. The inter-
nal gradients intensities are roughly inversely proportional with
pore size and scale linearly with applied field strength as

g � DvB0 ð1Þ

where g is the local magnetic field gradient experienced by the
spins, Dv is the magnetic susceptibility difference between the fluid
and pore surface, and B0 is the applied magnetic field. The internal
gradients can interfere with NMR measurements in a variety of
ways. The inhomogeneities cause a broadening of the linewidths
in chemical spectra. The interaction between the internal gradients
ll rights reserved.
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and applied field gradients can produce distorted images and inac-
curate diffusion measurements. The internal gradients can intro-
duce a bias in transverse relaxation and diffusion measurements
due to extra dephasing of the signal.

NMR research in heterogeneous materials has not been limited
to low field [9–13], as increased field strength confers advantages,
such as higher signal to noise, small sample requirements, and long
relaxation times. With their dependence on field strength, these
internal gradients become more prominent at higher magnetic
fields. What may have been a negligible effect at low field often be-
comes a serious concern at high field and many techniques have
been developed to deal with the unwanted side effects of internal
gradients. The line broadening caused by the internal gradients can
make identification of chemical shifted components in the spectral
dimension impossible. de Swiet et al. [14] have tried to overcome
this using magic angle spinning while Seland et al. [15] used diffu-
sion attenuation. Cotts et al. [16], Sorland et al. [17,19], and Sun
[18] have developed bipolar gradient sequences to compensate
for interactions between the applied and internal gradients in dif-
fusion experiments.

Despite their potential to distort experiments, the internal
gradients within a sample are not always a nuisance. Because of their
dependence on characteristics of the pore space, several techniques
have been developed to take advantage of internal gradients to find
pore shape [20], pore connectivity, [21] or wettability [22]. We pres-
ent here a novel 2D inverse Laplace NMR technique which could as-
sist better understanding of the distribution of internal gradients as a
function of pore size. This method correlates internal gradients with
T1 relaxation, the time the excited spins take to return to equilibrium
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with their environment. By contrast with the measurement of T2 or
the restricted diffusion coefficient, measurement of T1 relaxation is
not susceptible to the presence of internal gradients. This makes it
ideal for use at high and ultra-high fields where internal gradients
could potentially be significant. We also undertake the first experi-
mental study of how internal gradients in differing pore sizes scale
as a function of applied field.

2. Theory

Internal magnetic field gradients affect transverse magnetisa-
tion by enhancing the loss of spin coherence as spin-bearing mol-
ecules diffuse through the inhomogeneities. The additional
decoherence produces attenuation in the measured signal, leading
to a potential bias in the T2 measurement. Were the spin-bearing
molecules to remain stationary, the local magnetic fields would re-
main constant and the decoherence which arises from the distribu-
tion of local fields could be reversed by the spin-echo process.
However, these molecules diffuse in the case of liquids imbibed
in porous media. This has the effect that the magnetic fields expe-
rienced by the spins are time varying, leading to a subtle motional
averaging process in the evolving phases of the the ensemble of
spins. To understand this process it is helpful to define a length
scale lg over which a molecule must diffuse for significant irrevers-
ible dephasing to occur. This length is defined by [23]

lg ¼
D0

cg

� �1
3

; ð2Þ

where D0 is the diffusion coefficient of the fluid and c is the gyro-
magnetic ratio. Of course, in a porous medium, that gradient will
change, typically over distances on the length scale of structural
features. That point we will address.

In order to ensure that diffusive attenuation of the spin-echo
signal is minimised, the Carr–Purcell–Meiboom–Gill 180� rf pulse
train is used. For a CPMG pulse sequence with echo spacing tE,
the distance traveled between echoes is on the order of
lE ¼ ðD0tEÞ

1
2. Provided lE� lg, the echo attenuation between succes-

sive pairs of echoes is small, and the cumulative attenuation over
many echoes is the result of successively small dephasing. For
the experiments performed here, in which variable echo spacings
are used, the observation of a signal after several echoes requires
that the condition lE� lg is satisfied for all measurements. The size
of the local gradient can readily be seen by changing the echo spac-
ing of a Carr–Purcell–Meiboom–Gill (CPMG) [24,25] train. As the
echo spacing is increased, the apparent dephasing rate of the spins
increases. This increased relaxation rate arises from diffusion
through the internal gradients while the relaxation due to T2 re-
mains constant [5].

While absolute gradients scale linearly with the applied field
strength as DvB0, it may be shown that there is an upper limit to
the effective gradient which can be measured, namely when the
structural features have length scales on the order of lg. These max-
imum possible measured gradients within a sample are given by
the relation [23]:

gmax �
c

D0

� �1
2

ðDvB0Þ
3
2 ð3Þ

while the associated structural length scale is given by ls. There is a
critical length of ls, defined as

l� ¼ D0

cDvB0

� �1
2

: ð4Þ

For pores smaller than l*, the fluctuations in gradient as molecules dif-
fuse means that the local gradients are averaged over the dephasing
length. As ls begins to approach l*, the measured effective gradient be-
gins to approach gmax. For pores larger than l*, the dephasing of the
CPMG echo signal which occurs over the echo time tE, such that lE� ls,
arises from a local gradient which is effectively constant. Hence, the
overall echo train attenuation may be calculated by averaging over
the distribution of gradients in the ensemble of spins.

The technique for measurement of internal gradients is a mod-
ified CPMG sequence that capitalises [26] upon the changing echo
amplitude as a function of echo spacing. We take a constant inter-
val of time, t0, and vary the number of 180� pulses, which refocus
the magnetisation. Thus, the echo spacing tE for an individual
experiment is

tE ¼ 2sn ¼
t0

n
; ð5Þ

where n is the number of 180� pulses in the time period. As we in-
crease the number of pulses in this time period, the spin-bearing
molecules have less time to diffuse through the internal gradients,
lessening the dephasing effect. In some situations, below a certain
sn, the intensity of the measured echo will plateau. For these cases,
the echo spacing is sufficiently short that the influence of internal
gradients upon the signal has become negligible.

In the ‘‘local gradient” regime, the echo amplitude of a CPMG
echo train in the presence of internal gradients is described by:

MðtiÞ
M0

¼
X

j

fj exp � ti

T2j

� � Z
j

PjðgÞ exp � c2g2s2
nDti

3

� �
dg

¼
X

j

fj exp � ti

T2j

� � Z
j

PjðgÞ exp � c2g2t2
0Dti

12n2

� �
dg ð6Þ

where M0 is the initial signal intensity, fj is the volume fraction of
pore sizes that produce a transverse relaxation time T2j, Pj(g) is
the volume fraction of pore sizes that produce an internal gradient
of magnitude g, sn is the echo spacing and ti the echo train time.
Note that this relation only holds true in the local gradient regime;
the transverse relaxation decay in the motional averaging regime
loses the dependence on the CPMG echo spacing.

Only in the rare situation of a monodisperse pore space can the
magnitude of internal gradients be found uniquely. For polydis-
perse porous materials, the internal gradients are coupled to pore
size, and the internal gradient values will be widely dispersed. To
separate different gradient components, the multiexponential de-
cay can be analysed using 1D inverse Laplace methods. An even
more effective separation results if the gradient can be correlated
with another parameters also dependent on pore size and a 2D
inversion performed. One approach followed by Sun and Dunn
[26] is to use T2 relaxation to decouple the internal gradients from
pore size. Instead, we choose to use the T1 times of a system, which
are related to pore size as:

1
T1
¼ 1

T1Bulk
þ q1

S
V
; ð7Þ

where T1Bulk is the T1 relaxation time of the bulk fluid, q1 is the surface
relaxivity of the system, S is the pore surface area and V is the pore vol-
ume. Both the values of T1bulk and q1 are frequency dependent. T1bulk

increases as a function of field strength while q1 decreases.
Fig. 3 shows a pulse sequence in which both T1 relaxation and

the external gradient dephasing effects are correlated. The signal
attenuation for this pulse sequence is given by:

MðsT1; snÞ ¼ Rjf 0
j

� exp
�t0

T2j

� �Z Z
FjðT1; gÞ 1� 2 exp � sT1j

T1

� �� �

� exp � c2g2s2
nDt0

3

� �
dT1dg þ �ðsT1; snÞ ð8Þ



Fig. 2. X-ray CT of Mt. Gambier limestone.
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where Fj(T1,g) is the joint probability density and � is the experi-
mental noise. Precise 180� pulses are important to obtaining the
true T1 distribution and our 180� pulses were found using the stan-
dard technique of measuring a range of rf pulse durations to find the
one which will produce a signal null. We can treat the T2 relaxation
during the internal gradient interval, t0, as a constant and ignore it
in the inversion calculations as it will be the same for all experi-
ments at different sn and constant t0. It will therefore result in a
fixed intensity weighting for each T2j. Similarly, the amount of T1

relaxation that occurs during the internal gradient encoding inter-
val can be ignored provided that the 180� rf pulses are sufficiently
accurate. This requires both high rf bandwidth (to cover the line-
width) and good homogeneity. The latter is never perfect but the
phase cycling effect of the CPMG train compensates for that. In
our experiments the rf pulses are sufficiently short that the band-
width requirements are met. Finally we point out that because
the CPMG train covers a fixed interval, t0, any residual T1 relaxation
should, as is the case for T2, constitute a fixed additional intensity
weighting for each peak. However, the effect of T2 cannot be ignored
as a whole in the experiment. The 180� pulses serve to correct for
the reversible spin decoherence caused by the local inhomogenei-
ties, but the underlying irreversible spin–spin relaxation is unaf-
fected. Therefore, any signal which has a T2 time shorter than the
internal gradient interval will decay away and not appear in the
T1 � g plot. In addition, while the T2 relaxation will not affect the
peak locations in our experiment, it will influence the intensity of
the peaks. If quantification of the spectra are to be performed, the
intensity should be corrected using T1 � T2 and T2 � g correlation
experiments.

3. Experimental

The experiments were performed on a Magritek 12 MHz Kea
and Bruker 200 MHz Avance, 400 MHz Avance II and 900 MHz
Avance II+ Spectrometers. Two samples were used: Mt. Gambier
limestone and tight packed New Zealand quartz beach sand. X-
ray CT images of the samples shown in Figs. 1 and 2. The samples
were saturated with distilled water before experimentation and
held at a constant temperature of 25 �C for the duration of the
experiments. Using the inhomogeneous linewidth, we calculated
the magnetic susceptibility differences for the New Zealand quartz
beach sand and Mt. Gambier limestone to be Dv = 30 � 10�6 and
Dv = 9 � 10�6, respectively. This technique compares the linewidth
Fig. 1. X-ray CT of tight packed quartz sand.
of the Fourier transformed spectra of a bulk fluid and the fluid im-
bibed in a material. The broadening in the linewidth can be related
to the magnetic susceptibility difference as [28]

Dv � cDvB0

2p
: ð9Þ

We used these values to determine the critical length l*, shown
Table 1.

As the majority of the pores in both the sand and Mt. Gambier
samples are larger than our calculated critical lengths, we believe
we can reliably apply the local field gradient assumption and
assume free diffusion through the internal gradients for all field
strengths.

Fig. 3 shows the pulse sequence. The T1 encoding was performed
in 30 steps, ranging from a sT1 of 1–1500 ms. For the internal gradi-
ent encoding, the length of the t0 intervals were 60, 40, 32 and
19.2 ms at 12, 200, 400 and 900 MHz, respectively. The length of
this interval is the time necessary for the measured echo of the
longest echo spacing to be completely attenuated. There were 40
steps for internal gradient encoding, with the number of refocusing
180� pulses ranging from 1 to 400. The number of refocusing pulses
was selected so that the echo intensities reached a plateau for the
shortest values of sn. The data were Fourier transformed along the
acquisition dimension and the resulting peak was integrated,
Table 1
Calculated critical lengths l*

Sample (MHz) Mt. Gambier (lm) Quartz sand (lm)

12 0.4 0.3
200 0.1 0.06
400 0.08 0.04
900 0.05 0.03

180˚y180˚y180 ẙ 180 ẙ90 x̊/-x 180 ẙ180 ẙ

T1

t0

τ

Fig. 3. Pulse sequence for the T1 � g experiment.
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producing a 2D plot of sT1 versus tn in the time dimension. A 2D in-
verse Laplace transform [29] was applied to the spectrum to give a
40 � 30 matrix. The a value chosen for regularisation of the inverse
Laplace transform minimised the value of v2 and no further. Be-
cause the experiments measure the internal gradients as a function
of diffusion, we then use the diffusion coefficient of 2.3 � 10�5 cm/s
for water at room temperature. We assume we are in the free diffu-
sion limit for the internal gradient interval, as the molecules will
only diffuse 5–10 lm during that time, which is less than the pore
size for most pores in the samples.

4. Results and discussion

Figs. 4 and 5 show the measured T1 � g plots for the quartz sand
and Mt. Gambier samples as a function of the different field
strengths. Fig. 6 gives an expanded view of the T1 � g plots for
the two samples at 12 and 900 MHz so the details of difference
in the T1 resolution with field strength can be seen. Figs. 7 and 8.
shows the projected 1D plots of the internal gradient dimension
from the T1 � g plots, which highlights the advantage of having
the T1 dimension to add resolution to the spectra. A direct 1D
transform upon the internal gradient data alone allows even less
detail in the spectra to be resolved.

Surprisingly, even at the ultra-high field of 900 MHz there ex-
ists signal at relatively low internal gradients. The maximum
measured gradients are on the order of �105 G/cm. We note that
relation lE� lg holds true even for these high internal gradient
strengths. The largest measured internal gradients are calculated
using only the very early decay of the CPMG, for which sn is
short and hence the condition lE� lg is still satisfied. An advan-
tage of the 2D T1 � g correlation is that it gives better resolution,
allowing us to discern subtle details in the spectra. At higher
field strengths in the T1 � g plots, we see several distinct regions
of T1, whereas a 1D inversion only gives a singular broad distri-
bution. For 200 MHz and above field strengths, we see a clear
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Fig. 4. T1 � g plots for the tight packed quartz sand at (a) 12 MHz, (b) 200 MHz, (c
negative correlation between T1 and internal gradient strength.
This reflects with expected behaviour as larger pores will pro-
duce longer T1 values and weaker internal gradients while smal-
ler pores will produce shorter T1 values and stronger internal
gradients.

For the most part, the distribution of internal gradients stays
the same for the different magnetic field strengths. This indicates
that signal measured at the higher applied fields is still mostly rep-
resentative of the pore space. The results of Winkler et al. [30]
raised a concern that the measured signal at high magnetic fields
might come from only a small fraction of the fluid present. How-
ever, in the Mt. Gambier sample, the peak of highest intensity at
low field strength disappears at the higher fields. We believe the
peak has moved to internal gradient strengths higher than we
can currently measure due to machine limitations, so it appears
some loss of signal does occur at higher applied fields. When we
attempted to move to shorter echo spacings at 200 and 400 MHz,
we sometimes encountered problems exceeding the duty cycle of
the spectrometers, causing the transmitter to shut down. At
900 MHz, the transmitter of the newer spectrometer was able to
handle the demand of shorter echo spacings, but the system was
fitted with a cryoprobe for high resolution spectroscopy. These
are not as robust as normal probes and the shorter echo spacings
caused excessive heating in the cryoprobe, making it unwise to
continue. Therefore, at higher applied magnetic fields one must
be aware that signal loss from internal gradients may occur, partic-
ularly with older equipment.

For internal gradient measurements, working at high field may
actually enable us to probe a greater proportion of the pore space
as the value of l* becomes smaller with increased field. While
incomplete sampling of the pore space is not an concern for the
samples used here, this could potentially be an issue for samples
with lower magnetic susceptibility differences. For example, mud-
stones often have low magnetic susceptibility differences. As the
pore sizes can be extremely small in mudstones, the internal gra-
d
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dients for a significant portion of the pore space would be unable
to be probed at low field. However, for the CPMG decay to be af-
fected by internal gradients, lE must be less than l* to encode for
these pores. This is usually not a concern with modern equipment,
but can become a problem with the duty cycle for older
spectrometers.
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Using our estimated susceptibility differences and Eq. (3), we
calculate the expected maximum gradients present in the samples
and compare them to the maximum gradients present in the in-
verted spectra, shown Tables 2 and 3. For the Mt. Gambier, the
maximum measured gradients for 400 and 900 MHz agree well
with calculations. At the lower field strengths, there is a measured
peak found at gradients higher than the calculated values. This
may arise from an area of paramagnetic impurity in the sample
which has a higher than average Dv. If we ignore this anomalously
high gradient peak, our measured values at these field strengths



Table 2
Maximum calculated gradients (G/cm�1)

Sample (MHz) Mt. Gambier Quartz sand

12 101.8 102.5

200 103.6 104.3

400 104.1 104.8

900 104.5 105.3

Table 3
Maximum measured gradients (G/cm�1)

Sample (MHz) Mt. Gambier Quartz sand

12 103.0 102.3

200 104.1 103.9

400 104.1 104.3

900 104.5 104.8

Table 4
Scaling factors

Mt. Gambier g T1 Quartz sand g T1

A B1.1 B0.49 A B1.1 B0.48

B B1.1 B0.47 B B1.0 B0.48

C B1.3 B0.42 C B1.3 B0.42
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agree better with theory. The sand sample follows the general
trend, but consistently has slightly lower measured values than
the calculated maximum gradients. It is possible that a higher gra-
dient signal component exists at these internal gradient strengths,
but at such a low intensity compared to the other signal present
that they are below the resolution threshold on the inverse Laplace
transform. For the low field, the T1 times for the different internal
gradient strengths are nearly the same. As we increase field
strength, we begin to see better distinction of the peaks in the T1

dimension, highlighting better resolution in the T1 domain as an
advantage of working at higher magnetic fields in these samples.
However, as we increase field strength, we seem to lose some res-
olution in the internal gradient dimension, particularly in the sand
sample.

We now consider how the internal gradients and T1 relaxation
times scale as a function of B0 for both the sand and Mt. Gambier
samples. In our spectra, we see several distinct regions of intensi-
ties which reflect different sizes in the pore space within the sam-
ple. To aid in tracking the signal between field strengths, we assign
letters to different regions of the signal. The signal components
arising from larger pores in the samples, identified as A and B,
are easy to track because of distinctive peaks. Unfortunately, with
the smaller pores at higher applied fields, we lose distinguishing
peaks, so we simply choose to follow the maximum measured
intensity for each spectrum, which we label C. For consistency with
the Mt. Gambier sample, we track the maximum intensity for the
second highest peak at 12 and 200 MHz due to the loss of the high-
est gradient peak at higher field strengths. Error bars were calcu-
lated using the peak locations from repeated measurements.

Internal gradients strengths as a function of field strength are
shown in Fig. 9 with the best fit lines shown in Table 4. For both A
Fig. 9. Internal gradient magnitude as a function of field strength
and B peaks the magnetic field scaling is approximately unity. For
the C peak the internal gradients scale as a function of B1:3

0 . These re-
sults agree well with the theory put forth by Hürlimann; the larger
pores scale as approximately B0 whereas the maximum observable
gradients, corresponding to small pores approaching l*, scale at up
to B1:5

0 . For the smaller pores where ls < l*, the local gradients will
be averaged out by diffusion. If ls = l*, the strength of the gradient is
such that diffusion can no longer average the local gradient of the
pore and the effective gradients can approach the limit of B

3
2
0.

Fig. 10 shows T1 as a function of field strength with the best fit
lines shown in Table 4. The T1 values of the A and B peaks scale as a
function of B0:5

0 , which agrees with the T1 frequency dependence of
T1 /x0.5 in water saturated porous media seen by Korb et al. [27].
For the C limit, T1 scales only as B0:4

0 . While surface relaxation is
known to decrease with increased field strength, cursory examina-
tion of Eq. (7) shows that as the T1 of the saturating fluid increases
with field strength, a broader distribution of T1 values will be pro-
duced from the surface relaxivity for a given pore size distribution.
This explains the increase in resolution we see in the T1 domain.
Because of this scaling, nearly an order of magnitude in T1 relaxa-
tion time is gained between the low field and the high field exper-
iments. The increased T1 relaxation time is a particular advantage
for exchange experiments [32,31,13]. With proper bipolar gradi-
ents and sufficiently short echo times [16], diffusion exchange
and transverse relaxation exchange experiments can take advan-
tage of the long T1 times to increase the mixing times, which allows
longer length scales within the material to be probed without sac-
rificing the reliability of the measurements.

5. Conclusion

We provide experimental evidence that the effective internal
gradients present in a sample can scale as B0 while maximum ob-
servable gradients can scale at up to B

3
2
0. Our results show that it is

possible to reliably perform experiments on even highly heteroge-
neous samples at high fields and that advantages come at these
high fields. For these samples, the T1 � g correlation is a useful ini-
tial experiment to estimate the expected internal gradients. The
large internal gradients that arise at high field can be accessed
through short echo spacing and those that are too high given the
shortest experimentally available tE will not contribute to the mea-
for (a) Mt. Gambier and (b) quartz sand with best fit lines.



Fig. 10. T1 relaxation time as a function of field strength for (a) Mt. Gambier and (b) quartz sand with best fit lines.
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sured signal. We find evidence that there is some signal loss at high
applied fields. Here, one must bear in mind, that the 900 MHz data
may possibly not represent a complete picture of the system. We
anticipate as spectrometer technology improves, we will be able
to measure the higher gradients in the sample even at the highest
fields, helping to rectify this loss of signal. Interesting future work
could combine our technique with the MAS techniques [14] devel-
oped for internal gradient suppression. Our findings certainly
encourage the use of these high and ultra-high field strengths for
a broader range of samples.
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